Introduction
Extracts prepared from plants traditionally used for medicinal applications have received considerable attention owing to their potential health benefits as therapeutic agents, especially for aging and age-related diseases ( • OH, which attacks almost all cell components, including DNA (Henle et al., 1996) . High levels of ROS, formed through both endogenous and exogenous routes, and the DNA damage it produces contribute to genetic instability. The majority of endogenous ROS are produced through leakage of these species from the mitochondrial electron transport chain that diffuse out freely through membranes and attack other cellular components, while exogenous ROS occurs through exposure to numerous exogenous agents including ionizing radiation, ultraviolet radiation, chemotherapeutic drugs, environmental toxins and hyperthermia (Salmon et al., 2004) . Cells are exposed permanently to oxidative challenge imposed by the environment and by the oxidative metabolism in mitochondria. Incapacity of the cellular defences to cope with the oxidative challenge generates oxidative stress, which can cause oxidative damage in macromolecules, including genomic DNA (Boiteux and Guillet, 2004) . DNA lesions such as DNA base modifications, single-and double-strand breaks, and the formation of apurinic/apyrimidinic sites may be formed (Salmon et al., 2004) .
Once DNA damage is sensed, cell cycle is arrested so that repair mechanisms can operate, or induction of programmed cell death may take place if damage cannot be repaired. The major DNA repair pathways are base excision repair (BER) in the removal of damage of single bases caused by oxidation and nucleotide excision repair (NER), which is involved in repairing bulky DNA lesions caused by ultra-violet light (Friedberg, 2003) . A DNA ligase encoded by the mammalian LIG1 (Accession No. NG_007395.1), orthologous of the budding yeast CDC9, completes the repair process for both BER and NER (Wu et al., 1999) .
The antigenotoxic activity of many phytochemicals and plant extracts can be attributed to their antioxidant properties, which allows protection of DNA from oxidative damage.
Despite the fact that a large number of studies concern the antioxidant properties of G. biloba extracts, only few have associated these extracts with antigenotoxicity (Vilar et al., 2009 
Analysis of antioxidant activity
Cells were prepared in the same way as for viability measurement, except that they were diluted to a density of 1.0x10 6 
Analysis of DNA damage
Analysis of DNA damage was performed with the comet assay as described before 
Analysis of DNA Repair
Analysis of DNA repair was performed with the comet assay as described before 
Statistical analyses
The experiments were done at least in triplicate and results are presented as mean value ± standard deviation (SD). One-way analysis of variance (ANOVA) was used for comparison of more than two means and Tukey´s test to multiple comparisons. All asterisks indicate differences considered statistically significant: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001, when compared to the respective control.
Results

GBE increases viability of S. cerevisiae cells under oxidative stress
To investigate the protective effect of GBE against oxidative stress we assessed 
GBE decreases intracellular oxidation
The (Fig. 2C) . Antioxidant activity was also present when GBE was further diluted in PBS: 4, 10 and 20 fold (not shown).
GBE protects yeast cells against DNA damage by H 2 O 2
We used our recently developed protocol of comet assay applied to yeast cells (Azevedo et al., 2010 ) to evaluate if GBE may prevent DNA damage in addition to or as a consequence of its antioxidant activity. Yeast spheroplasts were pre-treated with various GBE dilutions in S buffer in order to maintain osmotic protection, subsequently exposed to 10 mM H 2 O 2 and analyzed for DNA damage. Deionized water, S buffer or GBE/2 (GBE diluted 2 fold) did not cause DNA damage (Fig. 3A) . Hydrogen peroxide dramatically increased comet tail length, which was not alleviated by prior incubation with S buffer (Fig. 3A H (Fig. 3B) were comparable, although with slightly less protection in the presence of GBE compared to pre-treatment experiments (Fig. 3A) . This suggests that GBE has a direct inactivating effect on H 2 O 2 , possibly by scavenging ROS.
We also tested the activity of the standardized EGb 761 extract with the comet assay, which is made from G. biloba leaves and has known relative composition of flavone glycosides, terpene trilactones and ginkgolic acids, the main unique compounds of this species. This extract is frequently used in experiments related with G. biloba effects and is commercialized as a medicinal product worldwide. The assays were performed under the same conditions as mentioned for the pre-treatment assays of our extract. Results obtained were similar to results obtained with our extract (not shown), which suggests that the active compounds with antigenotoxic activity are present in both preparations.
GBE improves the DNA repair ability in yeast cells
To investigate the possibility of an activating effect on DNA damage repair mechanisms by GBE, we decided to assess DNA repair kinetics using a modification of the comet assay optimized for yeast cells (Azevedo et al., 2010) . DNA repair experiments consisted in provoking DNA damage in yeast spheroplasts with 10 mM H 2 O 2 for 20 min and then allowing DNA repair with or without GBE diluted two fold in S buffer. DNA repair was measured as the decrease in comet tail length observed over time. Comet tails length decreased during the 20 min incubation both, with or without GBE (Fig. 4A) . However, in GBE-treated cells, comet tails decreased more rapidly and were not detectable after 10 min incubation. This result supports the involvement of GBE not only in DNA damage prevention, but also in DNA repair mechanisms.
GBE does not improve the DNA repair ability in a cdc9 mutant strain
The comet tail shortening over time observed in Fig. 4A , was interpreted as DNA repair, although a non-specific process such as DNA degradation could not be excluded. In order to confirm that the observed DNA damage repair depended on DNA repair mechanisms, we hypothesized that a mutant strain deficient in DNA damage repair would not display the decrease in comet tail length observed in Fig. 4A . We chose to test DNA repair in a displayed similar increase in DNA repair kinetics in presence of GBE at the permissive temperature of 23ºC. However, at 37ºC, the restrictive temperature (Fig. 4C) , unlike the parental strain, GBE did not improve efficiency of DNA repair in the cdc9 mutant. This insensitivity of the cdc9 strain is expected since, upon oxidative damage, the lack of the ligation step will keep chromosomal DNA uncoiled, which will migrate in the electrophoresis as damaged DNA. These results (Fig. 4C) indicate that GBE is not efficient in DNA protection from oxidative damage in the absence of active Cdc9p and strongly suggest an involvement of GBE in DNA repair mechanisms. In accordance with the antioxidant activity in the absence of H 2 O 2 treatment (Fig. 2B) , pre-treatment with GBE decreased tail length in non-shocked cells (Fig. 3A) , suggesting that GBE can protect DNA from endogenous damaging agents. The present report is one of few on GBE antigenotoxic activity and, to our knowledge, the first time GBE is reported to be involved in DNA damage repair induction. We have included replicas with a standardized G.
biloba leaf extract named EGb 761 (Schwabe Pharmaceuticals) with similar antigenotoxic activity, suggesting that the active compounds are present in both extracts. Therefore, our extract can be used for further studies aiming at the identification of the antigenotoxic compounds of GBE.
The determination of the mechanism of action of the active compounds can be studied by exploring the amenability of the genetic system of S. cerevisiae. The results obtained with the conditional CDC9 mutant are the first evidence linking GBE activity to specific cellular pathways, potentially providing important insights on its mechanism of action. 
